Abstract. MetOcean conditions in the South China Sea (SCS) indicates that unlike other locations such as the North Sea, the magnitude of the currents can be relatively large. In addition, these currents are strongly sheared. The present study focused on the typical design problem of calculating the ultimate base shear and overturning moments for slender fixed structures with the inclusion of the interaction between the currents and the wave field. It has been found that the loads on average can be around 15% larger when this interaction is accounted for in the calculation of the loads, highlighting the importance. In addition, the level of these amplifications were found to be dependent on the sea state steepness and the relative water depth. While no clear trend was found (changed case by case) in the present work, incorporating the vertical structure of the current was found to change the pattern of the amplification of the loads.
Introduction
In the ocean, waves never exist without an associated current. However, as [1] noted, a full description of the flow field that takes into account the interaction between the waves and the current is never undertaken in the design of either coastal or offshore structures. The main reason for this is that in regions of the world where the majority of the offrshore oil explorations have been undertaken, namely, the Gulf of Mexico and North Sea, the magnitude of the current is of the order of tens of cms −1 . In South China Sea (SCS), this is not applicable because the currents are much stronger and remain around the same order of magnitude as the underlying wave kinematics. Therefore, ignoring the effect of wave-current interaction is not a viable option for the design of offshore structures located in SCS. In addition to the large magnitude, the currents in the SCS are strongly sheared. Despite its potential significance, a thorough study of how this may affect the forces on structures located in this region has not been undertaken so far.
It is exactly this problem that this paper will address. More specifically, it will provide the first answer to the question of how significant wave-current interaction is on the predicted magnitude of the forces on fixed offshore structures; the focus on fixed structures stemming from the fact that they are the most common in SCS and the simplest to deal with. To keep in tune with the usual design procedures, the present study will only consider regular waves. This means that the present work only MATEC Web of Conferences 203, 01011 (2018) https://doi.org/10.1051/matecconf/201820301011 ICCOEE 2018 focuses on the ultimate base shear and overturning moment calculations. Also, the focus will be only on depth uniform currents and linearly sheared currents. This ensures that the analytical potential flow solutions remain valid, providing a simple tool in the calculation of the forces. At this point, it should be stressed that the actual current profile in SCS are strongly sheared and resemble an exponential profile. Despite this, the linear profiles considered in the present work will provide a guidance on how important the vertical structure of the current can be in the typical design calculations.
The paper continues in §2, providing the background material relating to the analysis carried out in this paper while §3 expands on the methodology adopted in the present study. Section 4 provides the results before the paper concludes in §5 with suggestions for future work.
Background
The present study will be limited to the regular wave loading on fixed slender offshore structures comprising of tubular members. The current section provides a brief background on the methodology to calculate the fluid loading on such structures.
Fluid loading
A tubular member is considered as slender when the diameter to wave length ratio, D/λ ≤ 0.2. For this regime, after [2] , the force per unit length, f T , is expressed by the sum
where C M and C D are inertia drag coefficients, respectively, u is the normal component of the water particle kinematics, ∂u ∂t is the normal component of the fluid acceleration, D is the diamter of the member, A is the area of the member and ρ is the density of the fluid, taken as 1000 kgm −3 throughout the present study. The first term in Equation 1 is the inertia component and the second term is known as the drag component.
The relative importance of these two forces are expressed by the nondimensional Keulegan-Carpenter number,
where U is a representative fluid velocity and T is the wave period. The drag and inertia cofficients, C D and C M are usually expressed as functions of KC. These parametrisations are usually obtained through model testing. For the present study, the values proposed by [9] of C D = 0.65 and C M = 1.6 will be used throughout.
Water particle kinematics
Equation 1 is a relatively simple equation to apply. The complexity of the wave loading process is encapsulated in the calculation of the u and ∂u ∂t terms. There is no limit to the nonlinearity of the wave field that can be included in these terms nor are there any changes requried when the waves are regular or irregular. Fenton (1985) [3] Stokes ' 5 th order solution Stokes' 5 th order solution is the most commonly adopted model to calculate the wave kinematics required in the Morrison's equation for the determination of the ultimate base shear and overturning moment of fixed structures. The reason for this is twofold: firstly, being an analytical solution, it is straightforward to implement it and secondly due to the use of so-called loading recipes. Loading recipes is a reference to the phenomenon of obtaining the C D and C M coefficients from model test data by assuming underlying Stokes' fifth order kinematics.
The Stokes' 5 th order solution is derived by assuming the flow is irrotational, and thus the existence of a velocity potential, which can be used to describe the 2D flow velocities, (u, w) as:
The technique used in this family of solutions is the perturbation approach where all the quantities are expressed as a power series of the small parameter, wave steepness, kH/2. This technique allows the derivation of a heirrechy of solutions for each order of wave steepness. While Airy (1845) [4] obtained the linear solution (first order) solution, Stokes (1849) [5] derived a solution correct up to a third order of wave steepness. Since then, many authors have extended the solution to higher orders. Of these, the most widely used form was the one that was derived by [3] . The surface elevation, η, and the velocity potential, φ for this solution are expressed as
and
In these equations, k is the wave number, ω is the circular wave frequency, = kH/2, (x, z) refers to the spatial coordinates with z pointing upwards at the mean water level, the coefficients A i j , B i j and C i are functions of k and water depth d and provided in [3] . [3] derived his solution to include a mean horizontal current of magnitude, U. With the inclusion of this current, the horizontal velocity, u, is given by
Before this solution can be applied to the calculation of forces, as a first step, for a given T , H and d, k needs to be calculated. This is done by numerically solving
Fenton (1988) [6] stream function
In this solution, the stream function, ψ(x, z), defined such that 
where B j are unknown coefficients. Similarly, the surface elevation is expressed as a Fourier series with N unknown coefficients. The unknown coefficients in ψ and η are obtained through a Newton-Raphson iterative procedure to enforce the fully nonlinear boundary conditions. Again, this solution caters for a depth uniform current of magnitudeŪ.
Kishida & Sobey (1988) [7]
Lamb (1945) [8] showed that when waves propagate on a linearly sheared current (constant vorticity), the resulting wave field remains irrotational. The resulting flow velocity field can be expressed as
where Ω 0 is the vorticity, U s is the current velocity at the surface. Using the same perturbation method as [3] , [7] obtained an analytical solution for this problem, correct up to the third order of wave steepness. The solution for η(x, z) and φ(x, z) are again provided in a form similar to Equations 4 and 5. The form of the dispersion equation for this solution is given by
where the coefficients C 0 and a i j are functions of k, d and ω 0 and
where U b is the current velocity at the bed.
Methodology and cases
To evaluate and quantify the effect of wave-current interaction, the simplest loading scenario for fixed structures was considered. This scenario is the calculation of the total base shear and overturning moment of a single column of diameter, D. Given that the basic tubular member is what is used to build up complex fixed offshore structures such as jacket platforms, the conclusions regarding the loading of this single column is directly applicable to the more complex structures. Another simplification adopted in the present study was the exclusion of dynamic response of the column. Again, this is justified based on the fact that the dynamic wave loading forms the input to any complex dynamic analysis. A definition sketch for the problem considered in the present study with the coordinate axes and the placement of column are provided in Figure 1 .
To follow the industry practise in the calculation of the total base shear and the overturning moment, the metocean conditions for the 100 year storm events were used. These conditions were chosen for three locations in the SCS and were obtained from [9] . The choice of these locations were only motivated by the need to cover a range of kd and the steepest sea states. The details of the metocean 
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In these calculations, the wave kinematics required to evaluate f T (t, z) were calculated using three methods: It should be pointed that Method 1 is a widely adopted simplification used in design. In applying Method 2 and Method 3, how to define U M and Ω 0 is a question that needs to be resolved. In the present study, U(z = −d/2) in Table 1 was used as U M for each location, while Ω 0 is defined as
for each location. It should be highlighted that the real current profiles in Table 1 are exponential in nature. The choice for Method 2 is motivated by the fact that using U s instead of U m would lead to an overly conservative estimate of the forces while choice for Method 3 is motivated by the need for the largest value of Ω 0 .
Results

For the various combination of kd and ak values, it is important to establish the ideal value of the truncation order, N, for the stream function solution provided in Equation 9
. To perform this, at successive N, the horizontal velocity at the surface over a whole wave period was calculated. When the root mean square (r.m.s) error between successive order reduces to 10 −6 ms −1 , it was decided that the solution has converged. This calculated was performed for a zero current, a co-flowing current and an opposing current. Figure 2 provides the results for these calculations. In all the three subplots, the three MetOcean conditions that have been considered in the present study have been marked. For all three locations, irrespective of the current and its direction, the commonly adopted 5 th order solution was found to not have converged. Also, a higher N was required for convergence with the inclusion of the current. Considering the currents further, it was found that a higher N was required for the opposing current. For example, taking L1, which is the steeepest, for no current, it converged at N = 7, for a co-flowing current at N = 8 and for an opposing current, at N = 11. Following these results, to avoid any convergence issues, all the calcultions for M2 were undertaken using N = 15. Figure 3 provides the comparison of the variation of the normalized base shear with KC for all three locations with a co-flowing and an opposing current, plotted as solid lines and dashed lines, respectively. For the three subplots, which corresponds to the chosen three locations, the maximum base shear for a given KC that has been calculated by employing M2 and M3 have been normalised by the corresponding maximum base shear for that KC, calculated using M1; black lines corresponding to M2 while gray lines correspond to M3. Overall, the calculation of the total base shear using M2 and M3 leads to larger loads compared to the simplified procedure of using the Stokes ' 5 th order solution (M1) with no consideration of wave-current interaction, ranging from around 5% to as high as 500%. Also, this magnification of the loads tie in neatly with the steepness of the sea state under consideration. The steepest sea state corresponding to L1 shows overall, larger amplification compared to L2 and L3. Although the wave steepness at L2 and L3 are comparable, L3 shows larger amplifications (on average 5% higher). This shows that for a similar steepness, lower kd (shallower) leads to larger amplifications when wave-current interaction is taken into account. Apart from L2, an opposing current leads to larger amplification and more variability in the total base shear with KC, compared to a co-flowing current. This is expected because an opposing current will lead to steepening of the waves, which in turn will lead to larger elevations, kinematics and thus loads. Considering the differences between M2 and M3, no concrete trend is available, that is applicable to all three locations. However, for all three locations, in the case of a co-flowing current, the force amplifications is higher for M2 compared to M3. This trend is reversed for the opposing current for L1 and L3 with M3 providing larger amplifications compared to M2. It should be pointed that while for M2, a relatively high truncation order N = 15 was adopted, for M3, the analytical solution is provided only upto a third order. For these comparisons to be like for like, the M3 solution also needs to be calculated at a similar order of wave steepness. However, the present results suggests that the inclusion of the shear in the current profiles remains very important in SCS.
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The results of applying the same analysis in the calculation of the base overturning moment is provided in Figure 4 . The trends discussed for base shear are applicable to these results, with similar amplifications for each location. The important difference is that, M2 leads to higher amplification compared to M3 in the case of opposing currents, which is the reverse of the trend observed for the base shear. 
Conclusion
The ultimate base shear and overturning moment on a tubular column for varying diameter have been calculated based on the 100 year storm conditions for three locations in the SCS. Constraining the diameter such that the forces are in the slender body loading regime, Morrison's equation have been used in the computation of the forces. Given the strong current present in all three locations chosen for the present study, the wave kinematics used in these computations have been calculated using three methods, two of which considers the wave-current interaction. Of these two methods, one treats the current as depth uniform (denoted as M2) while the other treat it as a linearly sheared current (denoted as M3), which is the more representative case. For both M2 and M3, both a co-flowing and an opposing current were considered.
Comparing the base shear and overturning moment obtained by M2 and M3 to that obtained with the assumption of no wave-current interaction, in general, M2 and M3 leads to larger loads. These amplifications are on average around 15%. It was also found that in general, an opposing current leads to larger amplifications compared to a co-flowing current. Based on the limited number of cases that have been considered in the present study, it is observed that the amplifications are related to the incident wave steepness, ak, and the relative water depth, kd, with steeper waves and shallower water leading to larger amplifications. These results highlight the importance of incorporating the wave current interaction in the safe design of fixed offshore structures.
Considering the form of the current included in the analysis, it was found that M2 and M3 leads to differing loads. In general, it was found that for ultimate base shear, an opposing sheared current leads to larger amplifications while this trend is reversed for overturning moments. Similarly, when the current is co-flowing, M2 leads to larger amplifications while the trend is reversed again for overturning moments. It should be emphasized that while this comparison highlights the importance of the inclusion of the vertical structure of the current, the comparison is not like for like. This is because, M3 relates to a third order solution while M2 has been calculated at a truncation order of 15.
In the present work, all the calculations have been undertaken for regular waves, following the industry practise for the ultimate base shear and overturning moments. However, real waves are never regular. Hence, these calculations needs to be undertaken for irregular waves propagating on currents.
